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We demonstrate an algorithm that reconstructs the complex transmission function of an object from experimental X-ray diffraction data using partially coherent 1.4 keV X-rays that does not require a priori input of the coherence function. The quality of the reconstruction is significantly better than that obtained by assuming that the illumination is fully coherent. Our approach can be readily applied to diffraction imaging problems where a model for the spatial coherence can be assumed. Coherent diffractive imaging (CDI) uses a measurement of the far-field diffraction from a sample to reconstruct its complex transmission function by retrieving the phase of the diffracted wavefield 1 using either iterative 2 or single-step methods. 3 CDI relies on the coherence of an illuminating wavefield coupled with a priori knowledge about the interaction of the sample with the illumination and has been shown to produce very high resolution 4 and quantitative 5 images. In recent years, approaches have been demonstrated that broaden the types of a priori information about the sample and illumination interaction that can be used; from the initial requirement that the sample be isolated 6 to cases where overlapping [7] [8] [9] [10] [11] [12] or isolated 13 probe beams in various configurations 14 can be used. Assumptions about the sample such as positivity 15 or the sample composition 16 have also been used to improve reconstructions. It has also been shown that high quality reconstructions are possible when the spatial 17 or temporal 18 coherence properties of the illumination are well characterised. However, measurement of the full spatial coherence properties of an X-ray source can be time consuming. 20, 21 When many exposures must be taken to accumulate data, such as at a 3rd generation synchrotron source, or when there may be shot to shot variation, such as at a free electron laser, then it may be difficult to continuously measure the coherence. In this letter, we demonstrate an approach whereby the need to measure the coherence properties of the illuminating wavefield separately from the sample diffraction data acquisition is avoided.
The effect of partial spatial coherence in the illumination can be described using the mutual optical intensity (MOI), J(r 1 ,r 2 ), where r is a position coordinate in the plane transverse to the beam direction. In the far-field of a sample that has a complex transmission function, T(r), the diffracted intensity resulting from quasi-monochromatic partially coherent illumination can be described by
where k is the transverse component of the scattered wavevector. In previous work, 17, 20, 22, 23 it was shown that a modal decomposition of the MOI could be used to construct an estimate for the diffracted intensity. Recent results 20,21 also suggest that a statistically stationary Gaussian form, separable in x and y, is an accurate representation of the MOI at the position of an experiment in a beamline for 3rd generation synchrotron sources. As such, we can represent the MOI as
where I 0 is the intensity incident on the sample, g is the complex coherence function, x and y are the horizontal and vertical transverse directions with respective coherence lengths l x and l y . Under the modal approach, the measured intensity is used to scale the amplitude of the estimated modes while retaining the phase as a form of modulus constraint used in iterative CDI methods. Here, we note that instead of a sum of mutually incoherent modes, we can construct an equivalent estimate for the diffracted intensity using a convolution of a single coherent wave with the Fourier transform of the complex coherence function. This estimate can then be used with the measured intensity to enforce a partially coherent intensity constraint while retaining the phase of the estimate for the coherent wave. The measured partially coherent intensity, I m , is obtained from inserting Eq. (2) 
where represents the convolution operator,ŵ is the coherent far-field representation of T, I coh is the coherent intensity, andĝ is the Fourier transform of the complex coherence function. This represents an approach where an arbitrary known representation of the MOI can be incorporated into the CDI process without having to perform a modal decomposition. Here, we provide an experimental demonstration that this 
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where I m is the measured intensity,ŵ is the coherent wave, and I j is the current estimate for the partially coherent intensity given by I j ðkÞ ¼ I j coh ðkÞ ĝ j ðk; l x ; l y Þ:
This approach is similar in nature to correcting for intraexposure sample motion in CDI. 19 Prior to the application of the intensity constraint, we minimise the quantity 
with respect to the free parameters, l x and l y to update our estimate ofĝ j . We speculate that the ability to iteratively fit for the complex coherence function is due to the fact that in the presence of partial coherence, there exists no sample that will simultaneously satisfy both the modulus and finite support constraints. 24, 25 Since we enforce a finite support constraint, this means that an intensity constraint of the form given by Eq. (4) is required and due to the simple form of the complex coherence function, the free parameters are found with relative ease.
To demonstrate simultaneous sample recovery and spatial coherence characterisation, an experiment was conducted at beamline 2-ID-B 26 of the Advanced Photon Source. The sample ( Fig. 1(a) inset) consisted of several apertures milled into a 3 lm thick Au substrate using a focussed ion beam. The sample was placed 11 m from the exit slit of the monochromator which was used to adjust the coherence in the horizontal direction. A direct detection charged coupled device was placed 1.4 m from the sample consisting of 2048 Â 2048 pixels of size 13.5 lm. The coherence length was measured using a set of Young's pinholes placed 8 m from the exit slits. Exit slit settings of 5 lm and 500 lm were used to generate high and low coherence data sets, respectively (Figs. 1(a) and 1(b) ). The coherence length at the sample was found by determining the coherence length at the position of the Young's slits from curve fitting 17 and then multiplying by 11/8 to take into account the differing positions according to the van Cittert-Zernike theorem. 27, 28 The high and low coherence cases had a measured coherence length of 26 6 7 lm and 13.3 6 0.7 lm, respectively. The same data have previously been used to demonstrate image reconstruction when the coherence function is known. 17 Here that knowledge was not employed in the reconstructions. The reconstructions were performed using a combination of the error reduction (ER) 15 and difference map (DM) 29 algorithms. The DM algorithm was run for 70 iterations and then ER for 10 iterations. This was repeated three times before finishing with 60 iterations of ER. The support was updated between iteration 50 and 200 using shrinkwrap 30 with a threshold of 13% of the image maximum value and Gaussian kernel with a standard deviation of 1 pixel. Incorporation of partial coherence was performed using the procedure outlined above with the minimisation step of Eq. (6) used to determine the coherence length in the horizontal direction. The vertical direction was assumed to be fully coherent. The recovered coherence length for the low coherence data set was 11 lm and for the high coherence data set was 22 lm. Notwithstanding the presence of systematic effects, the recovered coherence lengths agree well with previously measured values. Shown in Figs. 1(c)  and 1(d) are reconstructions from simulations of the experiment for the low coherence case. The simulated partially coherent intensity was generated using Eqs. (1) and (2) with the reconstruction using an identical recipe as the experimental data. The results show that when full coherence is assumed, the reconstruction is non-uniform compared to when our partially coherent model is used. The images are very similar to the reconstructions using the experimental data from the low coherence data set as shown in Fig. 1(e) , where full coherence was assumed, and Fig. 1(f) where our partial coherence approach was used. Also shown in Fig. 1 is the reconstruction from the experimental high coherence data set assuming full coherence ( Fig. 1(g) ) and using the method for partial coherence outlined here ( Fig. 1(h) ). It can be seen that the reconstructions for both the high and low coherence cases have a much more uniform distribution across the aperture than previous results. 17 The minimisation approach used here allows the CDI procedure to find a solution that is consistent with the partial coherence as well as any systematic effects such as non-uniform illumination, the point spread function of the detector, and noise. The quality of the result suggests that this approach will be a useful way to incorporate experimental systematics that can be modelled but may be difficult to quantify during the course of an experiment. Examples include fitting the phase curvature effects in Fresnel coherent diffractive imaging 31 and modelling intra shot variation in X-ray free electron data. 
